Conditional gene repair mutations in the mouse can assist in cell lineage analyses and provide a valuable complement to conditional gene inactivation strategies. We present a method for the generation of conditional gene repair mutations that employs a loxP-flanked (floxed) selectable marker and transcriptional/translational stop cassette (neostop) located within the first intron of a target gene. In the absence of Cre recombinase, expression of the targeted allele is suppressed generating a null allele, while in the presence of Cre, excision of neostop restores expression to wild-type levels. To test this strategy, we have generated a conditional gene repair allele of the mouse Huntington's disease gene homolog (Hdh). Insertion of neostop within the Hdh intron 1 generated a null allele and mice homozygous for this allele resembled nullizygous Hdh mutants and died after embryonic day 8.5. In the presence of a cre transgene expressed ubiquitously early in development, excision of neostop restored Hdh expression and rescued the early embryonic lethality. A simple modification of this strategy that permits the generation of conventional gene knockout, conditional gene knockout and conditional gene repair alleles using one targeting construct is discussed.
INTRODUCTION
The introduction of site-specific modifications into the mouse genome via homologous recombination in embryonic stem (ES) cells has revolutionized mouse genetics and enabled the study of gene function in the context of an entire organism (1) . The targeted disruption of genes in mice, for example, provides a causal relationship between loss-of-function and phenotype. However, many genes have critical functions throughout development and gene ablation can result in embryonic or early postnatal lethality, precluding the analysis of gene function at more advanced developmental stages or in the adult (2) . Conditional gene inactivation, usually employing the Cre/loxP site-specific recombination system, provides a means to control the developmental and tissue-specificity of gene disruption, thus circumventing early lethality in knockouts of developmentally critical genes (3) .
In the Cre/loxP conditional knockout strategy, a site-specific Cre recombinase encoded by the bacteriophage P1 cre gene catalyzes excision of DNA sequences between pairs of 34 bp sequences (loxP sites), provided that they are in the same orientation (4) . In practice, Cre/loxP conditional mutagenesis requires crosses between Cre-producing and Cre-responding strains of mice (3) . The temporal and tissue-specificity of recombination is controlled by both the expression of the cre transgene and the ability of the loxP-modified (floxed) allele to respond to Cre (5) .
Recently, a strategy complementary to conditional gene inactivation was proposed that would be useful in studies aiming to characterize the function of gene products by rescuing lineage or developmental stage-specific knockout phenotypes by conditional gene repair (6, 7) . This approach relies on the targeted insertion of a positive selection gene cassette (typically the neomycin phosphotransferase gene, neo) flanked by loxP sites into an intron. Positive selection cassettes have the potential to interfere with normal expression of the targeted allele by promoter interference, disruption of normal splicing patterns or premature transcript termination (8) (9) (10) (11) (12) . A potential drawback to this approach is the unpredictable effect of neo on the expression level of the target gene. Insertion of neo within an intron may result in unaltered expression, a reduction in targeted gene expression (generating a hypomorphic allele), or complete inactivation (5, 8, 10, 13) .
The Cre/loxP system has also been used to activate conditionally transgene expression by employing a floxed synthetic transcriptional/translational 'stop' cassette (STOP) (14) . The STOP cassette consists of the 3′ portion of the yeast His3 gene, an SV40 polyadenylation sequence and a false translation initiation codon followed by a 5′ splice donor site. The floxed STOP cassette is inserted between the promoter and coding sequences of a transgene, ensuring that few, if any, transcripts containing the coding region are generated. In the presence of Cre, recombination at the loxP sites excises the STOP cassette, thus activating expression of the transgene. A similar strategy employing a floxed neo cassette was used to conditionally activate expression of a hepatitis C viral cDNA transgene in liver cells following infection with an adenovirus vector expressing Cre (15) . In situations where leaky expression of the transgene cannot be tolerated, combining the use of both a neo and strong STOP cassette should effectively block transcription through downstream coding sequences. This strategy was employed successfully recently to control expression of an attenuated diphtheria toxin gene targeted into the endogenous mouse D1 dopamine receptor gene (16) . A floxed cassette combining both neo and STOP elements (neostop) was placed between the dopamine receptor promoter and the toxin coding sequences. In the absence of Cre expression, toxin gene expression was not detected. Conditional activation of toxin expression was achieved following expression of a cre transgene under the control of the adenovirus EIIA promoter.
In this study, we describe a method for conditional gene repair of targeted loci that is based on the use of a neostop cassette as a more reliable substitute for the unpredictable effect of floxed neo insertions on targeted gene expression. In this strategy, the neostop cassette is inserted into the first intron of a target gene via homologous recombination in ES cells. Targeted insertion of the neostop cassette within the intron generates a null allele that can be activated by Cre-mediated recombination. To test this approach in a model system, we have generated a conditional gene repair allele of the mouse homolog of the Huntington's disease gene (Hdh STOP ). Mice that are heterozygous for the Hdh STOP allele and a Hdh null allele (Hdh STOP/-) generate no detectable Hdh mRNA transcripts, are indistinguishable from Hdh -/-mutants and die by embryonic day 9.5 (E9.5) of gestation. Cre-mediated excision of the neostop cassette at the two-cell stage of embryonic development results in normal expression from the recombined allele (Hdh ∆STOP ). Early embryonic lethality is bypassed and adult mutant mice are indistinguishable from their wild-type littermates. Advantages and applications of this approach as a complement to existing conditional gene modification strategies are discussed.
MATERIALS AND METHODS

Construction of the Hdh STOP targeting vector
The neostop cassette was assembled by combining a pgk-neo gene cassette with the His3-SV40 pA sequences from a Cremediated recombination reporter plasmid (pEF1a-lox-STOPlox-LacZ). Two loxP sequences in the same orientation were then inserted flanking the neo and STOP sequences (Fig. 1A) . The cassette was cloned into pBluescript SK+ (pBSK+) and can be excised with XbaI and KpnI. The neostop cassette was blunted with Klenow DNA polymerase, and then cloned into a unique KpnI site (blunted) located within the first intron of a 4.7 kb genomic HindIII Hdh fragment containing the promoter, first exon and a portion of the first intron cloned into pBSK+. To enrich for targeted clones by negative selection with ganciclovir, a thymidine kinase (tk) gene cassette was cloned adjacent to the 3′ flanking homology (17) . To extend the 5′ flanking homology, a 7.1 kb NotI-HindIII (partial) genomic fragment was inserted between the NotI site within the pBSK+ polylinker and the 5′ HindIII site of the 4.7 kb Hdh fragment. The final construct contained 9.1 and 2.75 kb of 5′ and 3′ flanking homology, respectively (Fig. 1B) .
Construction of the Hdh -knockout vector
The same flanking genomic sequences employed in the Hdh STOP targeting vector were used in the knockout vector with the exception that 4.4 kb of sequence including the promoter, exon 1 and part of intron 1 were deleted and replaced with a pgk-neo cassette as described (18) . The final construct contained 5.2 and 2.2 kb of 5′ and 3′ homology, respectively, as well as a tk cassette for the enrichment of targeted clones by negative selection with ganciclovir (Fig. 1C) .
Gene targeting
Targeting vector DNA was linearized with NotI and introduced by electroporation into W9.5 ES cells grown on mitomycin-C-treated G418-resistant primary mouse embryonic fibroblasts as described (19) . ES cell DNA purified from G418 and ganciclovir-resistant clones was analyzed by Southern blotting using a probe that distinguishes between the targeted and wild-type Hdh alleles. Targeted ES cells were injected into the blastocoel cavity of E3.5 C57BL/6 embryos using standard procedures (20) . Germline chimeras were produced with three independent Hdh STOP/+ ES clones.
Genotyping
For routine genotyping of progeny, the Hdh STOP allele was detected by PCR (3 min denaturation at 94°C, followed by 30 cycles consisting of 45 s denaturation at 94°C, 45 s annealing at 61°C and 1 min extension at 72°C) using the primers HDINT1(forward) 5′-GGCCTGCGTGCTGGGCATG-3′ and PGK (reverse) 5′-AGCGCATGCTCCAGACTGCC-3′ to generate a 200 bp product. Employing the same PCR cycle conditions that were used to amplify a portion of the Hdh STOP allele, the Hdh -allele was detected using the primers NEO-6 (forward) 5′-AACACCGAGCGACCCTGCAG-3′ and NEO-3 (reverse) 5′-AGAGCAGCCGATTGTCTGTTGT-3′ to generate a 130 bp product. The Hs-cre1 transgene was detected using the primers CRE-1 (forward) 5′-CTGCCACGACCAAGT-GACAGC-3′ and CRE-2 (reverse) 5′-CTTCTCTACACCT-GCGGTGCT-3′ to generate a 324 bp product corresponding to a portion of the cre coding region. To discriminate between the recombined Hdh ∆STOP allele and the wild-type allele, PCR amplification across the single loxP site remaining following Cre-mediated recombination was performed using the primers HDINT1 (forward) and HDINT0 (reverse) 5′-CTGACCCG-GCTCTGTCTCCT-3′ to generate 140 and 240 bp products corresponding to the wild-type allele and recombined allele, respectively.
RT-PCR
RNA was purified from embryos using Trizol reagent (Gibco BRL) and treated with RNase-free DNase I (Boehringer Mannheim) to eliminate contaminating genomic DNA. cDNA was synthesized in a 20 µl reaction containing 2 µg total RNA template using a mixture of random hexamer and oligo(dT) primers in the presence and absence (control) of Superscript II RNase H -reverse transcriptase (Gibco BRL) and then treated briefly with RNase H (15 min at 37°C). Aliquots of the cDNA product (2 µl) were then amplified in PCR reactions for β-actin (1 min denaturation at 94°C and 2 min extension at 72°C for 27 cycles) using the primers actin 1 (forward) 5′-GACAACGGC-TCCGGCATGTGCAAAG-3′ and actin 2 (reverse) 5′-TTCA-CGGTTGGCCTTAGGGTTCAGGG-3′ to generate a 320 bp product. Hdh exon 1 sequence was amplified (30 cycles consisting of 45 s denaturation at 94°C, 45 s annealing at 57°C and 1 min extension at 72°C) using the primers Hdh1 (forward) 5′-CATTCATTGCCTTGCTGCTAAG-3′ and Hdh2 (reverse) 5′-CTGAAACGACTTGAGCGACTC-3′ to generate a 140 bp product. Hdh cDNA sequences within exons 3-5 and positions 5069-5367 (GenBank accession no. L23312) were amplified (30 cycles consisting of 45 s denaturation at 94°C, 45 s annealing at 61°C and 1 min extension at 72°C) using the primers Hdhex3 (forward) 5′-TCAGAAACTCTTGGGC-ATCGCT-3′and Hdhex5 (reverse) 5′-TCTGAGGTCGAAC-CAGGTGAG-3′ to generate a 240 bp product and Hdh11 (forward) 5′-TGTGGATATCTGGAATCCTCGC-3′and Hdh12 (reverse) 5′-GAACGTATGCTGCTGTTCACTC-3′ to generate a 300 bp product, respectively.
Northern analysis
Total RNA was isolated from adult brain tissue using Trizol reagent according to the protocol provided by the manufacturer. RNA (15 µg) was fractionated on 1% agarose MOPS/sodium acetate/EDTA gels containing formaldehyde. RNA was then transferred to nylon membranes in 10× SSC and the blots hybridized with a 32 P-labeled random primed DNA probe corresponding to Hdh exon 1 or to a DNA fragment corresponding to Hdh cDNA positions 281-1425.
Western analyses
Western analyses were performed using antibodies recognizing either the N-terminal or C-terminal regions of huntingtin [HP-1 and HF-1, respectively (21)]. Briefly, tissues were homogenized by douncing in hypotonic lysis buffer (10 mM HEPES pH 8.3, 1.5 mM MgCl 2 , 1 mM DTT, 1 mM PMSF, 5 µg/ml leupeptin, 5 µg/ml pepstatin), crude cellular debris was pelleted by centrifugation and the protein concentration in the supernatant fraction was determined using a dye-binding assay (Bio-Rad). An aliquot of 50 µg protein was fractionated on 4-20% gradient polyacrylamide gels using a 3% stacking gel containing 4.5% N,N′-diallyltartardiamide (DATD) crosslinker. Protein was transferred electrophoretically to a nitrocellulose membrane and probed overnight at 4°C with a 1:1000 or 1:2500 dilution of HP-1 or HF-1, respectively. Signal was visualized using enhanced chemiluminescence reagents (ECL, Amersham).
RESULTS
Generation of a conditional gene repair allele of Hdh
To generate a conditional gene repair Hdh allele, we assembled a targeting vector containing a neostop cassette inserted into the Hdh intron 1 near the 5′ splice donor site (Fig. 1A and B) . The neo gene within the neostop cassette provides for the positive selection of transfected ES cells and may interfere with the expression of the target gene. The addition of the STOP sequence within the cassette enhances any potential interference conferred by neo. To compare directly targeting efficiencies obtained with the conditional gene repair vector and a standard deletion/replacement vector, we assembled in parallel a targeting construct that replaces the Hdh promoter, exon 1 and a part of intron 1 with a pgk-neo cassette (Fig. 1C) . Both constructs were derived using the same Hdh genomic sequences, although the deletion/replacement vector contains 4.4 kb less flanking homology in comparison with the conditional gene repair vector because of the promoter/exon/intron deletion (Materials and Methods). The deletion/replacement vector is similar to a construct described previously that was used to generate a Hdh null allele [Hdh tm1szi (18) ] except for the substitution of a pgk-neo positive selection cassette for an MC1-neo cassette. In parallel experiments using the same ES cell preparation, the frequency of gene targeting was higher using the gene repair insertion vector in comparison with the frequency obtained using the standard deletion vector (30 targeted out of 96 and 12 targeted out of 96 analyzed ES cell clones, respectively; Fig. 1B and C) . (Table 1) . Thus, mice either homozygous for the Hdh STOP allele or carrying both the Hdh STOP and null alleles were dying during embryonic development. To determine the time of embryonic lethality, pregnant females were killed at 8.5 or 9.5 days postcoitum (E8.5 or E9.5). Embryos were dissected, scored for morphological abnormalities and genotyped by PCR (Table 1) . At E8.5 and E9.5, Hdh STOP/STOP and Hdh STOP/-embryos were now obtained with the expected Mendelian frequencies (χ 2 P = 0.92 and 0.98, respectively) and resembled morphologically Hdh -/-embryos at E8.5 and E9.5 (Fig. 2) . Although wild-type and heterozygous E8.5 embryos had developed neural head folds and up to seven somites, the E8.5 Hdh STOP/STOP and Hdh STOP/-embryos were developmentally retarded in appearance ( Fig. 2 and Table 1 ). The embryonic portion of the conceptus was small and stubby with no obvious neural folds and somites were absent. At E9.5, although the Hdh STOP/STOP and Hdh STOP/-embryos had increased slightly in size, the embryonic portion had begun to resorb (Fig. 2) .
Hdh STOP is a null allele
To determine if insertion of neostop within the Hdh intron 1 resulted in loss of Hdh expression, northern analysis was performed on total RNA isolated from the brains of wild-type, Hdh +/-, and Hdh STOP/+ mice using as a probe a Hdh cDNA fragment corresponding to cDNA positions 281-1425 (Fig. 3A) . Predominant RNA transcripts of 13 and 10 kb corresponding to the two major Hdh mRNA transcripts differing at the 3′ end by alternative polyadenylation were detected in all RNA samples. Half the amount of Hdh mRNA was detected in the Hdh STOP/+ lane relative to the wild-type lane and equivalent amounts of mRNA were detected in the Hdh +/-and Hdh STOP/+ lanes indicating that little, if any, full-length RNA transcripts were produced from the Hdh STOP allele. Long exposure of the same blot that was stripped of the original probe and hybridized with a Hdh exon 1-specific probe failed to detect any truncated RNA transcripts that may have originated from the Hdh STOP allele (data not shown).
To determine if any Hdh STOP RNA transcripts were produced that may have been below the northern blotting detection limits, we performed RT-PCR assays on total RNA prepared from E8.5 Hdh STOP/-and normal littermate embryos. Amplification of a region within exon 1 (Hdh cDNA nucleotides 31-171), and two regions downstream of intron 1 (nucleotides 417-655 spanning Hdh exons 3-5, and nucleotides 5069-5367) was performed on random hexamer and oligo(dT)-primed cDNA ( Fig. 3B and C) . To control for the quality of the RNA substrate and the cDNA synthesis reaction, amplification with β-actin primers was performed in parallel. Amplification with each pair of primers was also performed in the absence of reverse transcriptase to control for genomic DNA contamination of the cDNA template (Fig. 3B and data not shown) . RT-PCR products of the predicted size corresponding to sequences within exon 1, exons 3-5 and a region in the middle of the Hdh mRNA transcript were obtained using cDNA prepared from wild-type littermate controls (Fig. 3B) . In contrast, Hdh RT-PCR products corresponding to sequence within exon 3-5 and nucleotides 5069-5367 were not detected using the Hdh STOP/-cDNA as template. Interestingly, an RT-PCR product containing Hdh exon 1 sequence was barely visible following 30 amplification cycles in reactions using Hdh STOP/-cDNA as template, suggesting that a truncated RNA transcript was produced that was either unstable or present in very low amounts.
Rescue of Hdh STOP expression and Hdh STOP/-early embryonic lethality by Cre-mediated recombination
To demonstrate the feasibility of conditional gene rescue using our strategy, we used a 'deleter' cre transgenic line (Hs-cre1) that expresses Cre at the two-cell stage of development (5). Cre-mediated recombination occurs throughout the embryo prior to the blastocyst stage of development resulting in progeny that are 100% recombined at a floxed locus. For our purposes, we crossed mice heterozygous for the null Hdh allele and either hemizygous or homozygous for the Hs-cre1 transgene with mice heterozygous for the Hdh STOP allele. Cre-mediated recombination at the loxP sites results in removal of neostop and retention of a single loxP site within Hdh intron 1 (Hdh ∆STOP ). The remaining loxP site within the intron does not interfere with either the expression or normal processing of the Hdh ∆STOP RNA transcript ( Fig. 4A and C) . Progeny carrying the Hs-cre1 transgene, a Hdh -allele and a recombined Hdh STOP allele (Hdh ∆STOP/-; Hs-cre1/+) were obtained at the expected Mendelian frequency (χ 2 P = 0.93 and 0.99 for the crosses using Hdh +/-mice hemi-or homozygous for the cre transgene, respectively; see Table 2 ). Southern analysis of tail DNA obtained from Hdh ∆STOP/+ and Hdh ∆STOP/-progeny demonstrated that 100% recombination had occurred (Fig. 4B) . The Hdh ∆STOP/-mice are fertile, have a normal life span and are indistinguishable from their wild-type littermates.
To confirm that Cre-mediated recombination restored Hdh expression, we performed western analyses on protein extracts prepared from the brains of adult wild-type, Hdh +/-, Hdh STOP/+ , Hdh ∆STOP/+ and Hdh ∆STOP/-littermates (Fig. 4C) . Following Cremediated recombination, expression of huntingtin in the Hdh ∆STOP/+ (10) and Hdh ∆STOP/-brains was restored to wild-type and heterozygoteequivalent levels, respectively (Fig. 4C) . We note that a truncated huntingtin polypeptide corresponding to a translation product of a putative truncated Hdh STOP RNA transcript was not detected using an N-terminal-specific anti-huntingtin antibody (data not shown).
DISCUSSION
The targeted insertion of a floxed neo cassette within a transcription unit was proposed recently as a means to generate conditional gene repair mutations in order to study lineagespecific gene rescue or cell type-specific gene repair in the mouse (6, 7) . This strategy has been used successfully to rescue expression of an N-myc hypomorphic allele created by insertion of a floxed neo cassette within the second N-myc intron (10) . Although it is difficult to predict the effect of the neo cassette on a target gene's expression, hypomorphic mutations are generated frequently when the neo cassette is placed within an intron. Using this targeting strategy, the magnitude of the , exons 3-5 [2] and in the middle of the Hdh mRNA [3] . Reverse transcriptase was omitted from the cDNA synthesis reaction to control for DNA contamination (-RT), while amplification of β-actin cDNA was used as a control for RNA integrity and cDNA synthesis (β-actin). Note that PCR products corresponding to primer pairs 2 and 3 were not detected by ethidium bromide staining using the Hdh STOP/-cDNA template but were detected when using wild-type cDNA template. In contrast, a PCR product corresponding to β-actin was detected in equivalent amounts using the wild-type and Hdh STOP/-RNA samples. A PCR product corresponding to a putative truncated Hdh STOP RNA [1] was barely visible by ethidium bromide staining.
(C) Schematics of the Hdh wild-type mRNA transcript and the putative truncated RNA transcript produced by the Hdh STOP allele (Hdh STOP ). The positions of the PCR amplification products corresponding to the primer pairs 1, 2 and 3 are indicated by black rectangles. interference generated by the neo insertion within an intron can be influenced somewhat by the orientation of the neo cassette with respect to the targeted gene (22) . To generate a conditionally repairable null mutation, we have combined the promoter interference effects of the neo cassette with the transcriptional/translational termination properties of a strong STOP cassette (14) . A stopneo cassette (the orientation of neo and the order of the neo and STOP sequences is reversed in comparison to neostop) was used recently to introduce a point mutation within exon 23 of the murine α1 collagen gene (col1α1) in order to generate a mouse model for osteogenesis imperfecta (23) . This was the first report to describe insertion of a floxed transcription/translation stop cassette within an intron in an attempt to suppress gene expression from a targeted allele. Unfortunately, the activation of several cryptic splice donor and acceptor sites within the STOP sequences created stable alternatively spliced transcripts. We note that in our model system, alternative splicing of the Hdh STOP allele was not detected. Moreover, we have used the same strategy to generate a conditional gene repair allele of the huntingtin-associated protein 1 gene (Hap1) by insertion of our neostop cassette within intron 1 and we have not detected aberrantly spliced RNA transcripts (manuscript in preparation). It is possible that placing the neo cassette upstream of the STOP sequences suppresses the activity of cryptic splice acceptor sites upstream of the donor splice site within the STOP cassette. Interestingly, although the potential exists to generate high levels of a truncated RNA transcript spanning exon 1 and terminating within the first intron, we failed to detect such transcripts originating from the Hdh mutant allele by northern blotting (Fig. 3A) . However, a small amount of RT-PCR product containing Hdh exon 1 sequence was obtained following 30 cycles of PCR amplification using Hdh STOP/-cDNA as template (Fig. 3B) . It is possible that the absence of a functional intron within the Hdh STOP primary transcript was sufficient to reduce significantly the level of a truncated transcript (24) . Following Cre-mediated excision of the neostop cassette, expression from the Hdh ∆STOP allele was restored to wild-type level. Thus, retention of a single loxP site within the first intron did not affect significantly Hdh ∆STOP gene expression.
The gene targeting strategy described in this study provides a useful complement to conventional and conditional knockout strategies. In conventional knockouts, the experimental goal of designing mutations that will prevent gene expression from the targeted locus has been achieved by inserting a drug resistance gene into an exon critical for gene function, by making a suitable deletion and/or by inserting a reporter gene in-frame with the coding sequence of the targeted gene (1). These strategies have provided a powerful means to interfere with and/or follow the expression of targeted genes in the mouse. However, conventional knockout strategies frequently result in unanticipated consequences such as incomplete gene inactivation (25, 26) , and interference with neighboring gene expression (27) (28) (29) . The strategy described here bypasses some of these potential problems and has several unique advantages over traditional approaches. First, combining the STOP cassette with the neo cassette increases the likelihood of generating a functional null and not a silent or hypomorphic mutation. Second, insertion of the neostop cassette within intron 1 of the target gene can be a safer alternative to deletion strategies that may remove control elements associated with closely spaced neighboring genes. Third, all of the isolated genomic sequence can be used as flanking homology for gene targeting, thus maximizing the frequency of homologous recombination (e.g. >30 versus 11% for targeting at the Hdh locus using the conditional gene repair or deletion/replacement targeting vector, respectively) (30) . Fourth, the potential to delete the neostop cassette using a cell lineage-specific cre transgenic line provides a way to rescue gene expression in specific cell lineages and bypass embryonic lethality (6, 7) . Absence of Hdh expression in the extraembryonic portion of the conceptus during mouse development results in lethality shortly after gastrulation (31) . Rescue of Hdh expression in the visceral endoderm and/or the trophoblast of Hdh STOP/-mutants using appropriate cre transgenic lines should provide additional information regarding the requirement for Hdh expression in specific extraembryonic cell lineages.
We note that a single targeting vector containing the floxed neostop cassette and a third loxP site can be used to generate ES cells carrying a null allele, a conditional gene inactivation allele or a conditional gene repair allele (Fig. 5) . In this (B) Recombination occurring within the homology between the first two loxP sites and within the 3′ flanking homology will generate ES cells carrying a targeted conditional gene repair allele. (C) Recombination occurring within the flanking homology upstream of the first loxP site and within the 3′ homology will, in contrast, generate a targeted allele carrying all three loxP sites. In the presence of Cre, recombination between the first and third loxP sites will generate a null allele, while recombination between the loxP sites flanking the neostop cassette will generate a conditional gene inactivation allele (Discussion). strategy, the floxed neostop cassette is located within intron 1 and a third loxP site is inserted upstream of the target gene's promoter elements. Two homologous recombination products can be generated, each depending upon where the crossover events occur during recombination. If recombination in the 5′ flanking genomic sequence occurs between the proximal loxP site and the 5′ loxP site flanking the neostop cassette, a conditional gene repair allele will be generated (Fig. 5B) . However, if recombination in the 5′ flanking genomic sequence occurs upstream of the proximal loxP site, a targeted allele carrying all three loxP sites will be generated (Fig. 5C ). The frequency of obtaining these two kinds of recombination products will depend upon the relative distances between the three loxP sites (the greater the separation between the proximal loxP and the floxed neostop cassette, the greater the proportion of targeted clones carrying the conditional repair allele) (32) . ES cells carrying a targeted allele with all three loxP sites can then be used to generate a null allele and conditional gene inactivation allele by transient transfection with a Cre expression plasmid (33) . The relative proportion of each recombination product cannot be predicted in advance and will depend upon on the distance between each loxP site and surrounding sequence context, and also on the duration and magnitude of Cre expression (34) .
In summary, we have combined the reliable transcriptional silencing properties of the STOP cassette with the potential promoter interfering properties of the neo gene cassette to provide an alternative method to generate a conditional gene repair allele. The potential to create several different mutant alleles from the same initial targeting construct also provides an efficient alternative to existing targeting strategies.
